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Abstract 

Background  The European flood that occurred between July 13th and 16th 2021, was a natural disaster that caused 
significant damage in Central European countries, including Germany, Netherlands, Belgium, and Luxembourg. This 
disaster resulted in the highest number of fatalities from a natural disaster in Germany during the twenty-first century, 
with over 180 people losing their lives and causing damages exceeding 30 bn€. The flood caused severe destruction 
in small mountainous river systems such as the Vicht and Inde rivers, particularly in the German state of North Rhine-
Westphalia. In addition, the flood caused a significant release of pollutants, including old burdens from the former 
mining area of Stolberg.

Results  To assess the extent of pollution caused by the flood in the affected floodplains and urban areas, this study 
was conducted to inventorize organic contaminants identified through a non-target screening in water and sedi-
ment samples taken immediately after the disastrous flood event. In total, 56 individual contaminants were identified 
from the water samples, including substances derived from urban effluents, such as personal care products, cosmet-
ics, odors, technical additives, pharmaceuticals and surfactants. The analysis of sediment samples revealed different 
types of environmentally hazardous contaminants, such as petrogenics, urban effluent and wastewater indica-
tors, chlorinated industrial compounds, and pesticides. This diverse range of pollutants and their broad dispersion 
across various environments in the catchment is attributed to the dynamic nature of the flood.

Conclusion  The inventory of identified organic contaminants raises long-term environmental concerns and potential 
health implications for the flood-affected Vicht–Inde region.

Keywords  2021 flood, Non-target analysis aqueous pollution, Sediment-associated pollution

Background
In the summer of 2021, the Eifel-Ardennes regions and 
associated uplands of Germany, Belgium, Luxembourg, 
and the Netherlands faced one of the most devastating 
flood disasters in recent history. The period between July 
12th and 15th, was exceptional as a meteorological con-
stellation [52, 60] with extreme precipitation (> 150 mm/
m2, [85]) over a small mountainous region led to unparal-
leled flooding along the Ahr, Inde, Meuse, and Rur rivers 
and their tributaries (e.g., Vicht, Wurm, Vesdre, Ourthe).
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The scale and abruptness of the 2021 flood were 
unprecedented in Germany, with many areas experienc-
ing water levels that surpassed previous records (e.g., [30, 
71]). Existing (critical) infrastructure and defenses were 
overwhelmed, resulting in flood waters sweeping through 
various smaller and medium-sized cities (e.g., [62]), 
leaving residents displaced and a trail of destruction in 
its wake (Fig. 1; e.g., [59, 90]). In contrast to past floods 
along major river systems (e.g., Elbe, Rhine, Meuse) 
where water levels rose much more slowly, the events of 
this flood unfolded rapidly with short warning times.

Major river systems are known to be highways for pol-
lutants with various residence times either within their 
water phase or associated with sediments transported in 
the river or archived with high-stand deposits on flood-
plains (e.g., [7, 103]). In particular, river floods are the 
main drivers for the release, remobilization, and distribu-
tion of organic and inorganic contaminants in the aque-
ous and sediment phase ([19], and references therein). 
Regions with a history of anthropogenic pollution can 

be more severely affected by flood-induced mobilization, 
including the emission from anthropogenic sources and 
the (re-)activation of legacy pollution present in the envi-
ronment, and widespread distribution of contamination, 
with long-lasting effects on the environment and local 
communities (e.g., [19]).

Well-documented examples of smaller rivers with 
a long history of mining-related and industrial pollu-
tion that were also affected by the 2021 floods are the 
Inde and the Vicht (e.g., [110]—this issue). In particular, 
man-made heavy metal contamination since the Medi-
eval times has been known to pollute the Vicht and Inde 
catchments (e.g., [28, 87, 92]). The 2021 flood provided 
unpredictable forces and prompted the remobilization 
of old burdens and the distribution of heavy metals (Zn, 
Pb, Cd, Cu, and As) across the inundated floodplains and 
urban areas of the catchment (e.g., [62, 110]—this issue). 
In addition, organic contaminants in the aqueous phase 
or associated with flood sediments have been released 
(through destruction or flooding), remobilized, and 

Fig. 1  Flood damages along the Vicht and Inde rivers. A Damages to the infrastructure and potential pollution sources in Stolberg city center 
(Rathausstrasse) near the Vicht river. Photo—courtesy of Tristan Lothmann. B Flood damages to the industrial area (near Aurubis Stolberg GmbH 
& Co.) along the upstream parts of the Vicht river in Stolberg (Zweifaller Strasse). Photo taken by Piero Bellanova. C Household debris a few days 
after the 2021 flood in Stolberg. Photo—courtesy of Tristan Lothmann. D Floodplain high-stand deposits along the Vicht between Stolberg 
and Zweifall. Photo—courtesy of Tristan Lothmann
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spread across the catchment areas (e.g., [62]). This type 
of pollution has not been as well-documented as heavy 
metals in the past. In the wake of such dramatic events 
as the 2021 flood, research politics, and media focus 
on recovering and rebuilding the infrastructure. Often, 
more shrouded questions and the long-term effects of 
such floods remain unaddressed. However, in times of 
increasing environmental and pollution-related chal-
lenges (e.g., [82]) and the uniqueness of the 2021 flood 
in Central Europe in scale of destruction pose research 
questions regarding the presence of organic pollution 
including emerging contaminants, their release, remobi-
lization, and distribution, as well as ecotoxicological and 
hazardous effects on local communities and the environ-
ment are becoming more pressing issues (e.g., [108]) to 
be resolved for better preparation and improved societal 
rehabilitation after inevitable future natural disasters. 
Therefore, this study aims to (a) inventorize the non-
polar organic pollution derived by the 2021 flood for 
water and sediment phases in the Vicht–Inde catchment 
based on a non-target analysis; (b) characterize and pro-
vide the pollution profile of different environmental set-
tings affected by the 2021 flood (e.g., floodplains, urban 
areas, and households); and (c) evaluate and trace pollu-
tion sources activated by the flood.

Material and methods
Study area
The Inde catchment (~ 359  km2) encompasses eight 
smaller tributary catchments. Among these, the Vicht 
is by far the most significant tributary with a catchment 
of 104.2  km2 and a traversing length of 23  km directly 
through the city of Stolberg, at which the northern end 
of the Vicht and Inde rivers converge (Fig. 2). The catch-
ment area is divided into an upstream confined valley 
area—particularly evident along the Vicht upstream of 
Stolberg—and a downstream flatter terrain that stretches 
along the course of the Inde river to its confluence with 
the Rur river. This geographical distinction is signifi-
cant in the context of the 2021 flood, influencing the 
severity of destruction and the potential release of pol-
lutants. Regions most profoundly impacted by the 2021 
flood exhibit distinctive geological attributes, namely 
shallow soils and topographical characteristics typified 
by V-shaped notch valleys. These geological and topo-
graphic features render the incised river systems, such as 
the Vicht, particularly susceptible to amplifying effects 
(e.g., [22, 60, 62]). Physical impact damages are most 
prevalent along the valley-confined Vicht upstream of the 
Vicht–Inde confluence. Conversely, in the more level ter-
rain downstream of the Inde river, beginning with the city 
of Eschweiler, the most prevalent damages are associated 

with elevated water levels and prolonged ponding beyond 
the natural floodplains (Fig. 2).

Field survey and sampling
During and in the days and weeks after the 2021 flood 
(July 15th–October 19th, 2021), several interdisciplinary 
research parties of RWTH Aachen University dispatched 
to the affected regions (see other publications of this 
special issue). For this study, 3 water samples from base-
ments and 12 sediment samples from floodplains, urban 
areas, and households were collected between July 15th–
22nd (Fig. 2, Table 1). Alongside of the sampling, infra-
structural damages, eyewitness accounts, flood marks, 
and distribution of over-wash deposits were documented 
during the field survey of this study and other studies of 
this special issue (e.g., [62, 99, 110]). To investigate the 
flood-related pollutant inventory based on a non-target 
screening, the samples collected from the study area rep-
resent four environments, each characterized by attrib-
utes influencing the release, type, and accumulation of 
pollutants. These pollutant inventories primarily differ-
entiate between those associated with the water phase 
and sediment-associated contaminants. The latter cat-
egory can be further subdivided into sediments collected 
from (1) natural floodplains both upstream (F2) and 
downstream of urban agglomerations (F1, F3, and F4; 
Table 1; Fig. 2), as well as floodplains in river restoration 
zones (F3, F4, and F5); (2) urban sediments in upstream 
areas predominantly affected by physical damages (e.g., 
Stolberg, Zweifall, Vicht—U1, U2, U3, and U4); (3) urban 
sediments in downstream areas primarily impacted by 
flooding and high water levels (e.g., Eschweiler—U4), 
and (4) specific households, garages and basements (H1, 
H2, W1–3) as potential local hotspots. Across all envi-
ronments, samples have been collected, accompanied by 
documentation of varying degrees and types of damages, 
which might be supportive to explain potential variations 
in pollutant inventory detected.

Water sample extraction
The water samples were collected and extracted using 
pre-cleaned glass or metal tools to minimize contami-
nation. All solvents used for pre-cleaning and extrac-
tion were purchased from Merck, Germany, and distilled 
over a 0.5-m packed column (reflux ratio approx. 1:25). 
Gas chromatographic analyses tested solvent purity. 
To avoid any geochemical alteration, the water samples 
were extracted immediately after sampling. The water 
samples underwent filtration through pre-cleaned GF/F 
filters (Macherey-Nagel, Düren, Germany) to eliminate 
suspended particulate matter from the aqueous phase. 
Subsequently, liquid–liquid extraction was performed on 
water sample aliquots ranging between 0.5 and 1 L.
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The subsequent extraction of water samples was con-
ducted utilizing established and previously documented 
protocols after Dsikowitzky et al. [24] and Schwanen and 
Schwarzbauer [91].

Samples were extracted sequentially in a separa-
tory funnel using 50 mL n-pentane (fraction 1), 50 mL 
dichloromethane (DCM, fraction 2), and 50  mL 
dichloromethane post-acidification to pH 2 (frac-
tion 3). Each fraction was agitated for 5  min then 

separated. Subsequently, all fractions were concen-
trated to approximately 2  mL through rotary evapo-
ration and dried with anhydrous granulated sodium 
sulfate. Anhydrous granulated Na2SO4 and hydrochlo-
ric acid were cleaned with pure solvents before usage. 
The acidic compounds within fraction F3 underwent 
additional methylation by adding BF3–methanol. For 
GC–MS analysis, all fractions were concentrated to 
final volumes of 10 to 50  µL (F1 and F2) and 200  µL 
(F3).

Fig. 2  A Overview map of the sampling locations along the Vicht–Inde catchment. Blue circles indicate the 3 water samples, green circles 
indicate the 5 floodplain sediment samples, red circles indicate the 5 urbans sediment samples, and yellow circles indicate the 2 urban-household 
sediment samples. Grey diamonds show additional sampling locations from the RWTH Aachen University sampling party. Grey areas show urban 
areas, the brown area shows the lignite mine Inden. B 72 h-summarized precipitation map of the areas affected by the 2021 flood. The color code 
indicates the sum of precipitation in mm. Framed in red is the Vicht–Inde river catchment
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Sediment sample extraction
The sediment samples were collected and extracted using 
pre-cleaned glass or metal tools to minimize contamina-
tion. Sediment samples were stored in metal containers at 
temperature below − 20  °C until extraction was ensured 
to avoid microbial alteration of the geochemical signa-
ture. All solvents used for pre-cleaning and extraction 
were purchased from Merck, Germany, and distilled over 
a 0.5-m packed column (reflux ratio approx. 1:25). Gas 
chromatographic analyses tested solvent purity. Of all 
sediment samples, 15–20 g aliquots of wet material were 
mixed with 2  g of diatomaceous earth (Dionex ASE™ 
Prep DE) and filled in an accelerated solvent extraction 
cell. Samples were extracted using 30  mL of acetone, 
acetone/n-hexane 1:1, and n-hexane, each. The aqueous 
phase was separated by a surplus of n-hexane while vol-
ume reduction via rotary evaporation (300  mbar). The 
reduced extract was dried over a microcolumn filled with 
anhydrous granulated sodium sulfate and desulphurized 
with activated copper powder in ultrasonic agitation. 
Anhydrous granulated Na2SO4 and hydrochloric acid 
were cleaned with pure solvents before usage.

Column chromatography with a microcolumn, filled 
with 2  g activated silica gel and conditioned at 200  °C, 
was used to fractionate extracts into 6 fractions (B1–
B6) using different mixtures of the eluents n-pentane, 

dichloromethane (DCM) and methanol (MeOH) (after 
[9, 94]). Acidic compounds of fraction 6 have been meth-
ylated by adding BF3–methanol and silylated with acetic 
anhydride and pyridine.

GC and GC–MS analysis
All sample fractions were measured by gas chromatog-
raphy–mass spectrometry (GC–MS) to identify organic 
contaminants. Measurements were performed on a quad-
rupole, GC–MS instrument (Thermo Finnigan Trace 
GC/MS) with helium as carrier gas and equipped with a 
30 m × 0.25 mm i.d. × 0.25 μm film ZB-5 fused silica cap-
illary column (Zebron capillary GC column Chrompack). 
Of each sample fraction, 1  μL was injected at a start 
temperature of 60 °C with a splitless time of 60 s, a tem-
perature hold of 3 min, followed by a temperature ramp 
of 3 °C/min to 310 °C and another hold for 20 min. The 
mass spectrometers operated in full-scan mode, ranges 
from 35 to 500 m/z in positive electron impact ionization 
mode (EI+) with 7 eV.

Individual organic compounds were identified from 
the non-target screening approach by comparison of 
EI+ mass spectra with those of mass spectral databases 
(NIST, Wiley) and published information. Furthermore, 
the identification was verified with mass spectra of pur-
chased reference compounds to consider specific gas 

Table 1  Information on sampling locations along the Vicht and Inde rivers

Samples originating from household are only listed by street not with a specific address for privacy reasons

Sample Lab ID Environment Description Latitude Longitude

Sediment samples

 F1 21/560 Floodplain Floodplain outside of Zweifall, sediment containing washed out road fill material 50° 43′ 29.42″ N 6° 15′ 32.80″ E
 U1 21/461 Urban Mud sample on the roadside (Eifelstrasse, Vicht) 50° 44′ 41.00″ N 6° 15′ 45.30″ E
 U2 21/568 Urban Sediment from a backyard (Enkereistrasse, Stolberg) 50° 46′ 09.96″ N 6° 13′ 54.45″ E
 H1 21/564 Household Sample from a basement (Salmstrasse, Stolberg) 50°46′38.53"N 6°13′24.39"E

 U3 21/460 Urban Mud sample on the roadside (corner Eisenbahnstrasse/Heinrich-Heimes-Brücke, 
Stolberg)

50° 46′ 42.90″ N 6° 13′ 21.20″ E

 F2 21/532 Floodplain Sample from the point bar (corner Haumühle/Talstrasse, Stolberg) 50° 45′ 55.70″ N 6° 12′ 18.30″ E
 U4 21/455 Urban Mud sample on the roadside near the Saint Gobain industrial complex (Esch-

weilerstrasse, Stolberg)
50° 47′ 26.50″ N 6° 13′ 22.60″ E

 U5 21/458 Urban Mud sample from the parking lot of a shopping center (August-Thyssen-Strasse, 
Eschweiler)

50° 49′ 06.50″ N 6° 15′ 45.42″ E

 H2 21/592 Household Sediment trapped in house (Langwahn, Eschweiler) 50° 49′ 10.20″ N 6° 15′ 47.55″ E
 F3 21/534 Floodplain Floodplain sample from the transition zone between straightened section 

and river restoration section of the Inde river
50° 49′ 00.10″ N 6° 17′ 57.20″ E

 F4 21/527 Floodplain Sediment sample from the rerouted and near-natural landscape of the “Neue 
Inde”

50° 52′ 15.60″ N 6° 18′ 34.10″ E

 F5 21/523 Floodplain Sediment sample from the river restoration zone at the Inde–Rur confluence 50° 53′ 53.50″ N 6° 21′ 51.20″ E
Water samples

 W1 21/488 Household Basement water sample (Grüntalstrasse, Stolberg) 50° 46′ 10.98″ N 6° 13′ 52.50″ E
 W2 21/490 Household Basement water sample (Nothbergstrasse, Eschweiler) 50° 48′ 53.55″ N 6° 16′ 14.96″ E
 W3 21/489 Household Sample pumped out of basement (Nothbergstrasse, Eschweiler) 50° 48′ 47.80″ N 6° 16′ 36.88″ E
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chromatographic retention times and elution orders. Pol-
lutant inventories for water and sediment samples were 
compiled based on compounds that were above the limit 
of detection (LoD).

Quality assurance and quality control (QA/QC)
Data quality assurance (QA) and quality control (QC) 
protocols included field and laboratory blanks, dupli-
cate samples, and measures to avoid external contamina-
tion (e.g., pre-cleaning equipment), as well as continuing 
GC–MS calibration verification using standard reference 
material (heptacosafluorotributylamine; Sigma Aldrich, 
Germany). Certified reference materials for the identified 
compounds were purchased from Sigma-Aldrich, Ger-
many. Peak correlations have been done with the graphi-
cal help of the software AMDIS32 (Automated Mass 
Spectral Deconvolution and Identification System), XCal-
ibur™ (Thermo Fisher Scientific Inc., USA), and by hand. 
The limit of detection (LoD) was determined by signal-
to-noise ratio > 3. Blank corrections were not needed to 
be applied to the samples, as the examined pollutants did 
not appear in the blanks. While established quality con-
trol measures limit analytical inaccuracies, natural varia-
tions (e.g., [8, 35]) need to be considered.

Results
Inventory of flood‑related contaminants
In the scope of this study, the non-polar pollutant inven-
tories are divided into two primary categories—con-
taminants of the water-phase and sediment-associated 
contaminants. While all water-phase samples were col-
lected from flooded households or basements, represent-
ing hotspots of flood-related damages, the flood-related 
sediments can be further subcategorized into samples 
from natural floodplains, urban areas subjected to high 
water stands and physical flood damages, and specific 
households or basements that can be identified as poten-
tial pollution hotspots.

Inventory of contaminants in the water phase
Severe flooding events, such as the 2021 flood, primar-
ily trigger the release and remobilization of pollution 
through the aqueous phase (e.g., [19]). During the 2021 
flood, several eyewitnesses and flood victims reported 
irritation of eyes and nasal mucosa, different smells in 
their basements (e.g., oil), and shimmering films flow-
ing on top of the flood waters in their houses, which all 
can be indicators for (hazardous) pollution. Therefore, 
three household water samples (W1, W2, and W3) are 
screened for their pollution profile.

A total of 56 specific contaminants from three house-
hold water samples have been identified and inventorized 
(Table 2). The detected contaminants can be categorized 

based on their chemical applications into four groups: 
(A) personal care products, cosmetics, and odors; (B) 
technical additives; (C) surfactants and pharmaceuticals; 
and (D) other components.

Personal care products, cosmetics, and  odors  Within 
the personal care products, cosmetics, and odors group, 
seven organic compound classes of natural and synthetic 
origin have been identified in the water samples. Most 
dominant are alcohols, followed by terpenoids and esters, 
fatty acids, sterols, and phenylpropenes, as well as com-
pounds specifically used as UV absorbers (Table  2; Fig. 
S1—supplement). As several organic substances linked to 
personal care products are of natural origins, such as oils 
and odors from plants, their environmental classification 
as pollutants is questionable. Nonetheless, their presence 
in the flood water samples indicates the release or mobi-
lization of personal care products through flooding and 
physical damages.

Natural or plant-derived alcohols are important as 
essential oils in personal care products due to their 
preservative properties and fragrances. In total, seven 
alcohols were identified in the three water samples 
(Table  2): 2-phenylethanol, isoborneol, borneol, 4-tert-
butylcyclohexanol, terpinen-4-ol, hydroxycineole, and 
1,3-diphenyl-2-propanol. The presence of natural organic 
alcohols in the 2021 floodwater samples but not in the 
sediment samples can be linked to their slight solubility 
in water. Most organic alcohols are biodegradable and are 
considered less environmentally harmful compared to 
their synthetic counterparts (e.g., [95]).

Terpenoids represent a diverse class of organic com-
pounds derived from plants. For millennia, they have 
served as versatile ingredients in personal care products 
due to their fragrance, flavor, and therapeutic properties 
(e.g., antimicrobial, anti-inflammatory, and antioxidant 
properties; [3], and references therein). Four terpenoids 
have been identified in the flood water samples: camphor, 
carvone, aR-tumerone, and squalene (Table 2).

Other natural organic compounds identified include 
(1) the phenylpropene methyleugenol, which is primar-
ily used in personal care products due to its flavoring and 
odor properties; however, in recent years, its addition 
to dietary products has been restricted due to its can-
cerogenic potential (e.g., [97, 113]); (2) the omega-6 fatty 
acid linoleic acid, which is industrially used as a dietary 
additive and in skin care products; and (3) the sterol stig-
masterol, used as a dietary additive and personal care 
ingredient due to its hormone regulating properties (e.g., 
[5, 55]).

Artificially sourced UV absorbers are a common ingre-
dient in personal care products, especially in sunscreen 
formulations and other skin care products (e.g., [72, 
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Table 2  Occurrence of organic contaminants in the three water samples (W1, W2, and W3) from the Vicht and Inde rivers

Compound name Formula Sample W1 W2 W3
m/z Lab ID

21/488 21/489 21/490

Personal care products, cosmetics and odors

 Alcohols

  2-Phenylethanol (PEA) C8H10O 91, 92 X X

  Isoborneol C10H18O 95, 41 X X

  Borneol C10H18O 95, 110 X

  4-tert-Butylcyclohexanol C10H20O 57, 8 1 X X

  Terpinen-4-ol C10H18O 71, 111 X X

  Hydroxycineole C10H20O2 59, 43 X

  1,3-Diphenyl-2-propanol C15H16O 92, 91 X

 Terpenoids

  Camphor C10H16O 95, 81 X X

  Carvone C10H14O 82, 54 X

  aR-Turmerone C15H20O 83, 119 X

  Squalene C30H50 69, 81 X X X

 Esters

  Isobornyl acetate C12H20O2 95, 43 X

  Methyl dihydrojasmonate/hedione C13H22O3 83, 82 X

  Isopropyl myristate C17H34O2 43, 102 X X X

  Isopropyl palmitate C19H38O2 43, 60 X X

 Phenylpropene

  Methyleugenol C11H14O2 178, 163 X X

 Fatty acids

  Linoleic acid C18H32O2 67, 81 X X

 Sterols

  Stigmasterol C29H48O 55, 83 X X

 UV absorbers

  2-Ethylhexyl salicylate (EHS) C15H22O3 120, 138 X

  Octocrylene (OC) C24H27NO2 204, 249 X X

Technical additives (plasticizers, flame retardants, viscosity regulators, etc.)

 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate (TXIB®) C16H30O4 71, 43 X X X

 N-Ethyl-2-methylbenzenesulfonamide (Uniplex 108) C9H13NO2S 91, 155 X

 N-Butylbenzenesulfonamide (NBSS or Uniplex 214) C10H15NO2S 77, 141 X

 Triethyl phosphate (TEP) C6H15O4P 99, 155 X

 Tris(2-chlorisopropyl)phosphate (TCPP) C9H18Cl3O4P 125, 99 X X X

 Triphenyl phosphate (TPP) C18H15O4P 326, 325 X

 Triacetin C9H14O6 43, 103 X X

 Triethyl citrate (TEC or Uniplex 80) C12H20O7 157, 29 X

 Tri(2-chloroethyl) phosphate (TCEP) C6H12Cl3O4P 63, 249 X X

 Tris(1,3-dichloroisopropyl)phosphate (TDCPP) C9H15Cl6O4P 75, 99 X X

 Bisphenol F (BPF) C13H12O2 200, 107 X

 Irgacure® 184 C13H16O2 99, 81 X X

 Phthalates

  Dimethyl phthalate (DMP) C10H10O4 463, 77 X

  Diethyl phthalate (DEP) C12H14O4 149, 177 X

  Dibutyl phthalate (DBP) C16H22O4 149, 150 X X X

  Diisobutyl phthalate (DIBP) C16H22O4 149, 57 X X

  Diisooctyl phthalate (DIOP) C24H38O4 149, 167 X X X
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73]). In this study, two UV absorbers have been identi-
fied, namely octocrylene (OC) and 2-ethylhexyl salicylate 
(EHS) (Table 2). While both compounds possess only low 
toxicities to humans and most mammals [76], their high 
persistency and toxicity to aquatic life (e.g., coral bleach-
ing) pose a significant environmental risk (e.g., [20, 65]). 
In recent years, regulatory bodies in some regions have 
started to restrict or ban the use of certain UV absorbers, 
including octocrylene and 2-ethylhexyl salicylate, to miti-
gate their impact on aquatic environments (e.g., [2, 23]).

Technical additives (plasticizers, flame retardants, viscos-
ity regulators, etc.)  Various compounds with specific 
applications and physicochemical properties have been 
identified among the technical additives. The most domi-
nant components based on their occurrence across all 
three water samples are plasticizers and substances used 
in plastic production (e.g., flame retardants, viscosity 
regulators, etc.; Fig. S2—supplement). For decades, plas-
ticizers have been an environmental concern (e.g., [15, 18, 
98, 109], and references therein). Some plasticizers are 

known to leach from plastic products into the environ-
ment, posing risks to ecosystems and human health [6, 69, 
75]. Plasticizers, particularly phthalate-based, have been 
documented to intensively contribute to water and air 
pollution (e.g., [16, 98, 112]) and can accumulate in sedi-
ments (e.g., [37, 93, 117]).

The most frequent plasticizers identified in the 
water samples are dimethyl phthalate (DMP), diethyl 
phthalate (DEP), dibutyl phthalate (DBP), diisobutyl 
phthalate (DIBP), diisooctyl phthalate (DIOP), bis(2-
ethylhexyl) phthalate (DEHP), and dioctyl isophthalate 
(DOIP) (Fig. 3; Fig. S2—supplement). Their ubiquitous-
ness in everyday products and building materials (e.g., 
[11, 86]) is reflected in the presence of diverse conge-
ners in the flood water samples. In addition to urban 
sources, the release of phthalate from the flooded 
industrial areas along the Vicht and Inde rivers (e.g., 
Stolberg and Eschweiler) must be considered for the 
2021 flood. Generally, phthalates cause environmental 
concerns due to their enhanced environmental stabil-
ity in combination with health hazard effects, such as 

Compound name, formula, m/z and occurrence in the three respective samples are given

Table 2  (continued)

Compound name Formula Sample W1 W2 W3
m/z Lab ID

21/488 21/489 21/490

  Bis(2-ethylhexyl) phthalate (DEHP) C24H38O4 149, 167 X X X

  Dioctyl isophthalate (DOIP) C24H38O4 261, 167 X X

Surfactants and pharmaceuticals

 Surfactants and bleach

  2,4,7,9-Tetramethyl-5-decin-4,7-diol (Surfynol® 104 or TMMD) C14H26O2 109, 43 X X

  N,N,N′,N′-Tetraacetylethylenediamine (TAED) C10H16N2O4 43, 72 X X

  Diethylene glycol monododecyl ether (Laureth-2) C16H34O3 57, 45 X X

 Drugs

  Myosmine C9H10N2 118, 146 X

  Caffeine C8H10N4O2 194, 109 X X

 Pharmaceuticals

  N-Benzylformamide (NBFA) C8H9NO 135, 134 X

  2-Phenyl-2-propanol C9H12O 43, 121 X X

  Cholesterol C27H46O 43, 55 X X

Other compounds

 Phenol C6H6O 94, 66 X X

 Benzothiazole C7H5NS 135, 108 X X

 Indole C8H7N 117, 90 X X

 1-Phenoxypropan-2-ol C9H12O2 94, 77 X X

 Acetophenone C8H8O 105, 77 X

 Oxyphenalon (rheosmin or 4-frambinone) C10H12O2 107, 164 X

 Verbenone C10H14O 107, 91 X

 2-Methylbenzothiazole C8H7NS 149, 108 X

 Cannabinol, TMS derivative C24H34O2Si 367, 368 X X
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endocrine disruption, reproductive toxicity, and devel-
opmental issues [64, 69]. In recent years, there has 
been increased monitoring, scrutiny, and regulation of 
phthalate use in certain applications (e.g., [53]). Other 
compounds of technical and industrial origin detected 
in the water samples comprise compounds with various 
properties. Non-phthalate-based plasticizers include 
2,2,4-trimethyl-1,3-pentanediol diisobutyrate (TXIB®), 
N-ethyl-2-methylbenzenesulfonamide (Uniplex 108), 
and N-butylbenzenesulfonamide (NBBS or Uniplex 
214). The identified compounds triethyl phosphate 
(TEP), tris(2-chlorisopropylphosphate (TCPP), and 
triphenyl phosphate (TPP) exhibit additional flame-
retardant properties along with their plasticizing capa-
bilities. Plasticizers with additional attributes include 
triacetin (stabilizing properties), triethyl citrate (TEC) 
or Uniplex 80; used in coatings or as food/pharma-
ceutical additive, tri(2-chloroethyl phosphate (TCEP); 
flame-retardant and viscosity regulating properties, and 
tris(1,3-dichloroisopropylphosphate (TDCIPP); flame-
retardant properties and pesticide characteristics. 
Furthermore, Bisphenol F (BPF), a popular precursor 
to produce plastics and epoxy resins, was identified in 
the water samples. Its presence suggests flood-related 
mobilization of organic compounds from industrial 
sources and local plastic sources. Likewise, the pres-
ence of Irgacure® 184, a photoinitiator for coatings and 
adhesives, connotes the release of industrial effluents 
and the mobilization of contaminants from industrial 
areas along the flood-affected river catchment.

Surfactants and  pharmaceuticals  The urban effluent 
indicators detected in the flood water samples com-
prised different specific substances that can be cat-

egorized as surfactants, pharmaceuticals, and drugs 
(Table  2). All three groups pose different risks to the 
environment and human health.

Among the surfactants and bleach compounds are 
three substances, namely 2,4,7,9-tetramethyl-5-decin-
4,7-diol (traded as Surfynol® 104 or TMMD), N,N,N′,N′-
tetraacetylethylenediamine (TAED), and diethylene 
glycol monododecyl ether (traded as Laureth-2) (Table 2; 
Fig. S3—supplement). TMMD is used in industrial 
applications as surfactants (e.g., [41, 68]), but also as an 
additive in pesticides (e.g., glyphosate [54]). TAED is 
commonly used as a bleach activator in detergents (e.g., 
[48, 84]). TAED is typically removed during wastewater 
treatment [39], however, due to TAED’s biodegradabil-
ity, its products might have a greater ecotoxicological 
impact on the environment than TAED itself (e.g., [21]). 
Laureth-2 is an emulator and washing-active substance 
of the laureth family of surfactants. It is not inherently 
harmful to humans, as it is frequently used in washing 
lotions and other personal care products (e.g., [31, 51]), 
however, once laureth-2 enters the aquatic ecosystems, it 
raises environmental concerns. Such anionic surfactants 
have been reported to have negative effects on fish and 
microorganisms (e.g., [10, 17]).

Pharmaceuticals, drug-related compounds, and their 
human excretory products are frequently found in urban 
effluents and can even reach aquatic environments after 
wastewater treatment [1], and references therein. In the 
flood water samples, three pharmaceutical intermediates 
and two drug-related substances have been identified 
(Table 2). The detected compounds N-benzylformamide 
(NBFA), 2-phenyl-2-propanol, and cholesterol are inter-
mediate substances in the chemical and pharmaceuti-
cal industry. They are often linked to pharmaceutical 

Fig. 3  GC–MS chromatograms of phthalates (m/z 149) in both fractions of water sample W2. Fraction F1 containing diethyl phthalate (DEP), dibutyl 
phthalate (DBP), diisooctyl phthalate (DIOP). In fraction F2 the phthalates dimethyl phthalate dimethyl phthalate (DMP), diisobutyl phthalate (DIBP), 
dioctyl isophthalate (DOIP) were identified. In both fraction the degradation product phthalic acid ester (PAE) was found
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synthesis and have been documented in urban effluents 
(e.g., [7]). The drug-related compounds are caffeine and 
myosmine (closely related to nicotine). They have been 
documented in urban effluents and are afflicted with 
significant environmental concerns [58], and references 
therein; [57, 81]. These compounds indicate flood-related 
urban effluents from households or industrial effluents 
from flood-affected chemical plants (e.g., in Stolberg: 
Grünethal GmbH, West Pharmaceutical Services GmbH 
& Co. KG, and others) entering the aqueous environment 
and entrapment in urban households and basements.

In general, the presence of biodegradable surfactants, 
pharmaceutical substances, and drugs in the water sam-
ples from the 2021 flood indicates the leakage or flooding 
of sewage systems (Fig.  1A; e.g., [108, 114]—this issue). 
Most of the identified compounds would be removed 
during wastewater treatment under normal circum-
stances. Nonetheless, due to the interruption as a result 
of physical damages to sewer systems, the flooding of 
public and household sewers, and the inundation of sew-
age treatment plants along the Vicht–Inde catchment 
(e.g., WWTP Stolberg-Steinfurt & Eschweiler), the flood-
induced release of untreated urban effluents into urban 
areas and the environments needs to be considered.

Other components (aromatics, ketones, etc.)  Other com-
pounds identified in the three water samples encompass 
aromatic derivatives (e.g., phenol, benzothiazole—vul-
canization inhibitor, indole, 1-phenoxypropan-2-ol) that 
might be derived from road runoff, ketones (e.g., aceto-
phenone, oxyphenalon), terpenoids with insect control 
properties (e.g., verbenone), and intermediate substances 
used for chemical synthesis (reactants, stabilizers, etc.) 
and industrial applications (e.g., 2-methylbenzothiazole, 
cannabinol, TMS derivative).

Inventory of sediment‑bound contaminants
Along with physical damages, sediments constitute the 
most evident remnant of flooding events. Sediments of 
the 2021 flood exhibit a mixture of sand, silt, clay, debris, 
and organic material. The grain size composition and 
the organic matter content are the two controlling fac-
tors that govern contaminant transport and determine a 
sediment’s capability and capacity to accumulate pollut-
ants (e.g., [35, 61]). Generally, with smaller grain sizes, 
pollution loads increase, with the most abundant pollu-
tion linked to organic-rich clays (e.g., [56, 74]). All flood 
sediments sampled for this study are composed primarily 
of silt with various amounts of debris (e.g., building mate-
rial and fragments, plastics, and household items, par-
ticularly in and downstream of urban areas, e.g., Fig. 1D; 
for grain size data see [110]—this issue. Some floodplain 
sediments exhibit a higher content of the sand fraction.

Flood sediments reflect a multitude of sedimentary 
and associated pollution sources based on release, ero-
sion/remobilization of old burdens and legacy pollution, 
transport, and deposition in sinks or when the transport 
capacity is decreasing with lower flow speeds (e.g., [19]). 
By the nature of their deposition, flood sediments can be 
distinguished into two main categories along the Vicht–
Inde catchment: (1) floodplain deposits that are depos-
ited naturally with lowering and slowing water masses, 
and (2) urban or household deposits that are entrapped 
and deposited in man-made sinks.

Non-target screening of the 12 analyzed sediment sam-
ples from floodplains (n = 5), urban areas (n = 5), and 
households (n = 2) revealed a multitude of different envi-
ronmentally contaminant groups, such as petrogenics, 
urban effluent and wastewater compounds, chlorinated 
industrial compounds, pesticides, and less environmen-
tally common substances.

Petrogenic and  pyrogenic pollution  The homologues 
series of C29–C35 hopane stereoisomers (Table  3) has 
been identified in all sediment samples. The series is 
characterized by a predominance of C30 over C29, and 
C31 hopanes with a less dominant presence of C32–C35 
hopanes (Fig.  4A; Fig. S4—supplement). Ubiquitously 
identified in all sediments are polycyclic aromatic hydro-
carbons (PAHs; Table 3). Among the detected congeners 
are the EPA 16 PAHs: naphthalene (m/z = 128), acenaph-
thylene (m/z = 152), acenaphthene (m/z = 154), fluorene 
(m/z = 166), phenanthrene (m/z = 178), anthracene 
(m/z = 178), fluoranthene (m/z = 202), pyrene (m/z = 202), 
benz[a]anthracene (m/z = 228), chrysene (m/z = 228), 
benzo[b]fluoranthene (m/z = 252), benzo[k]fluoranthene 
(m/z = 252), benzo[a]pyrene (m/z = 252), dibenzo[a,h]
anthracene (m/z = 278), benzo[g,h,i]perylene (m/z = 276), 
and indeno[1,2,3-cd]pyrene (m/z = 276) (Fig. 4B; Fig. S4—
supplement).

The simultaneous presence of hopanes and PAHs in 
sediments is indicative of petrogenic and pyrogenic pol-
lution. Geohopanes are diagenetic products of bioho-
panes and are commonly derived from petroleum and 
petroleum products (e.g., fossil fuels; [80]). Hopanes are 
resistant to degradation, rendering them long-term pol-
lution risks and generally suitable indicators of petro-
genic pollution (e.g., [40]). PAHs, on the other hand, 
are a group of organic compounds with multiple fused 
aromatic rings, predominantly produced during incom-
plete combustion of organic matter [115]. Both groups 
pose significant environmental and health risks due to 
their prevalence, persistence, toxicity, and potential car-
cinogenicity (e.g., [4, 78]). The specific PAH composition 
can serve as a key for identifying their sources, such as 
the composition present in the samples, which indicate 
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Table 3  Occurrence of specific organic contaminants in floodplain sediments, urban sediment and household sediments from 
samples along the Vicht and Inde rivers

Identified compound groups are differentiated into petrogenic compounds (hopanes; polycyclic aromatic hydrocarbons—PAHs), urban effluents and wastewater 
indicators (linear alkylbenzenes—LABs), as well as technical and industrial pollutants (polychlorinated biphenyls—PCBs; diisopropylnaphthalenes—DIPNs; 
alkylsulfonic acid phenylesters—ASE/Mesamoll®)

Compound group Compound name Formula m/z

Petrogenic compounds

 Hopanes α-C29 hopane C29H50 191

C29 Ts hopane C29H50 191

β-C29 hopane C29H50 191

α-C30 hopane C30H52 191

β-C30 hopane C30H52 191

22S-C31 hopane C31H54 191

22R-C31 hopane C31H54 191

22S-C32 hopane C32H56 191

22R-C32 hopane C32H56 191

22S-C33 hopane C33H58 191

22R-C33 hopane C33H58 191

22S-C34 hopane C34H60 191

22R-C34 hopane C34H60 191

22S-C35 hopane C35H62 191

22R-C35 hopane C35H62 191

 Polycyclic aromatic hydrocarbons (PAHs) Naphthalene C10H8 128

Acenaphthylene C12H8 152

Acenaphthene C12H10 154

Fluorene C13H10 166

Phenanthrene C14H10 178

Anthracene C14H10 178

Fluoranthene C16H10 202

Pyrene C16H10 202

Benz[a]anthracene C18H12 228

Chrysene C18H12 228

Benzo[b]fluoranthene C20H12 252

Benzo[k]fluoranthene C20H12 252

Benzo[a]pyrene C20H12 252

Dibenzo[a,h]anthracene C22H12 276

Benzo[g,h,i]perylene C22H12 276

Indeno[1,2,3-cd]pyrene C22H12 276

Urban effluents and wastewater indicators

 Linear alkyl-benzenes (LABs) Phenyldecane C16H26 91, 105

Phenylundecane C17H28 91, 105

Phenyldodecane C18H30 91, 105

Phenyltridecane C19H32 91, 105

Technical and industrial pollutants

 Polychlorinated biphenyls (PCBs) Pentachlorobiphenyl (Cl5-PCB) C12H5Cl5 326

Hexachlorobiphenyl (Cl6-PCB) C12H4Cl6 360

Heptachlorobiphenyl (Cl7-PCB) C12H3Cl7 396

 Diisopropyl-naphthalenes (DIPNs) Several isomers C16H26 197, 212

 Alkylsulfonic acid phenylesters Tetradecyl-ASE Mesamoll® C20H34O3S 94

Pentadecyl-ASE C21H36O3S 94

Hexadecyl-ASE C22H38O3S 94

Heptadecyl-ASE C23H40O3S 94

 Triglyceride Triacetin C9H14O6 43
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oil spills, anthropogenic discharges, or remobilization of 
legacy pollution.

Urban effluents and wastewater indicators  In the stud-
ied flood sediments, the indicative substance group lin-
ear alkylbenzenes (LABs) associated with sewage-derived 
hydrophobic pollution were identified. LABs are a class 
of organic compounds that find significance in various 
industrial applications, particularly as detergents and syn-
thetic lubricants. They are characterized by linear alkyl 
chains attached to a benzene ring. Four LAB congeners 
(C10—phenyldecanes, C11—phenylundecanes, C12—phe-
nyldodecanes and C13—phenyltridecanes; m/z = 91/105) 
have been detected across the samples (Fig.  5A; Fig. 
S5—supplement). Released into the environment since 
the 1960s, LABs are a byproduct of linear alkylbenzene 
sulfonate (LAS), a key ingredient in many household 
detergents [26, 43]. Despite their widespread use, LABs 
are environmental pollutants of concern, particularly 

in aquatic ecosystems (e.g., [25, 43, 50]). The release of 
LABs into water bodies typically occurs through domestic 
wastewater discharges or industrial effluents (e.g., [46]). 
To qualitatively evaluate this discharge and to estimate 
the treatment status of wastewater discharges, the I/E 
ratio of the C12 homologs proposed by Takada and Ishi-
watari [101] can be consulted. It is a ratio of internal to 
external isomers of LABs, where the external substituted 
isomers are more readily biodegraded [50, 101].

Generally, low I/E ratios suggest untreated sewage to 
be released into the environment [50]. More specifi-
cally, Takada and Eganhouse [102] concluded I/E ratios 
between 0.7–0.75 to originate from raw untreated waste-
water, encompassing ranges between 0.52 and 0.86 from 
primarily treated wastewater and ratios ranging from 2 to 
7.3 to originate from secondarily treated wastewater. In 
addition, Isobe et  al. [50] postulated I/E ratio ranges of 
0.7–1.2 for untreated wastewater. For the purpose of this 
study, the given framework by Takada and Eganhouse 

Fig. 4  Petrogenic pollutants hopanes and polycyclic aromatic hydrocarbons. A Chromatograms (m/z = 191) of homologue series of C29–C35 hopane 
stereoisomers in representative floodplain (F3) urban (U1) and household (H1) sediments. B Chromatograms of detected PAHs: naphthalene (Nap; 
m/z = 128), acenaphthylene (Acy; m/z = 152), acenaphthene (Ace; m/z = 154), fluorene (Fl; m/z = 166), phenanthrene (Phe; m/z = 178), anthracene 
(Ant; m/z = 178), fluoranthene (Flu; m/z = 202), pyrene (Pyr; m/z = 202), benz[a]anthracene (B[a}A; m/z = 228), chrysene (Chr; m/z = 228), benzo[b]
fluoranthene (B[b]F; m/z = 252), benzo[k]fluoranthene (B[k]F; m/z = 252), benzo[a]pyrene (B[a]P; m/z = 252), dibenzo[a,h]anthracene (DBA; m/z = 278), 
benzo[g,h,i]perylene (B[ghi]P; m/z = 276), and indeno[1,2,3-cd]pyrene (Ind; m/z = 276)
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[102] was used for the interpretation of the I/E ratio 
(Fig. 5B; see supplementary Table S1). Results show that 
the I/E ratio of LABs in most urban and household sedi-
ments reflect a primary treatment of wastewater that 
affected the samples. Similar do the rural floodplain sam-
ples F2, F3, and F4 located in the lowlands with lower 
flood-impacts reflect the influence of primary treated 
wastewater. Distinct outlier here is the household sample 
H2 which indicates contamination by untreated wastewa-
ter, likely linked to the flooding of the wastewater treat-
ment plant in Eschweiler or local input by broken sewage 
systems. Similar are the floodplain samples F1 located in 
the valley-confined upland connected to severe destruc-
tion of critical infrastructure including sewage systems, 
and the sample F5 which is located downstream at the 
confluence with the Rur, likely reflecting urban influence 
by the flooded wastewater treatment plant in Düren.

The hydrophobic characteristics and persistency of 
LABs favor their accumulation in river and floodplain 

sediments (e.g., [46, 50, 104]). Previously to the 2021 
flood, LAS have been detected in the surface waters of 
the Rur catchment [89], and LABs were detected in the 
floodplains of the Rur River [92], in which the Vicht–Inde 
catchment flows into. In the case of the 2021 flood, dam-
ages to infrastructure, breakage, leakage, and flushing of 
sewers and pipes (Fig. 1A), as well as the remobilization 
of old burdens, need to be considered as major pollution 
sources.

Technical and  industrial pollutants  Two substance 
groups classified as technical or industrial contaminants 
have been detected in the flood sediments from the 
Vicht–Inde catchment. These are polychlorinated biphe-
nyls (PCBs) and diisopropylnaphthalenes (DIPNs) (Fig. 
S5—supplement).

PCBs are man-made compounds that do not naturally 
occur and were widely used in industrial applications 
between the 1930s and 1970s (e.g., [27, 77]). Their use 

Fig. 5  Linear alkylbenzenes (LABs) and I/E ratio indicative for urban effluents and wastewater. A Chromatogram (m/z = 91/105) of the four 
detected LAB congeners (C10—phenyldecanes, C11—phenylundecanes, C12—phenyldodecanes, and C13—phenyltridecanes). B Illustration 
of I/E ratios for each sampling point. Ranges for wastewater treatment level according to Takada and Eganhouse [102] and Isobe et al. [50]: I/E 
of 2.0–7.3 = secondary treated wastewater, I/E of 0.52–0.86 = primary treated wastewater; I/E of 0.7–0.75 = raw untreated wastewater; and I/E 
of 0.7–1.2 = untreated wastewater
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encompasses industrial and technical applications, such 
as electrical insulation, plasticizers in lacquer, coolants, 
and hydraulic fluids (e.g., [27]). The synthesis of PCBs 
entails the chlorination of biphenyls, conducted in the 
presence of a catalyst, resulting in over 209 known con-
geners [12, 49, 105]. This chemical transformation, char-
acterized by the stepwise addition of chlorine atoms to 
biphenyl, creates PCB congeners with varying degrees of 
chlorination. This study identified three PCB congeners 
(Cl5—pentachlorobiphenyl, Cl6—hexachlorobiphenyl, 
and Cl7—heptachlorobiphenyl).

PCB mixtures were traded in Germany as Clophen 
since the 1930s (Bayer AG) or imported as Askarel, 
Aroclor (both Monsanto Chemical Company, USA), or 
Pyralene (Prodelec, France) [77, 105, 107]. International 
agreements are in place since the early 2000s to reduce 
environmental exposure to persistent organic pollutants 
(POP [13]). For PCBs specifically, a ban has been rati-
fied by the Stockholm Convention on Persistent Organic 
Pollutants, which came into force in 2004 [106]. PCBs 
are still ubiquitous in the global environment despite 
the bans and restrictions on production and usage [13]. 
Their constant presence can be linked to old burdens, 
and only ~ 30% of countries are on track to hold up the 
agreed-upon requirement to manage PCB legacies by 
2028 (Stockholm [70, 100]). In Germany, 30–50% of PCB 
legacies were mismanaged, and by 2013, 12,000 t PCBs in 
open application (in buildings/construction, transform-
ers, electrical wiring, etc.) remained and contributed to 
7–12 t of PCBs released into the environment annually 
[111]. As a consequence of their high persistency, lipo-
philicity, and low vapor pressure, PCBs accumulate in 
soils and sediments, from where they have a path into the 
food chain [77]. In the context of the 2021 flood, old bur-
dens (e.g., [96]) must be considered sources for PCBs in 
the Vicht–Inde catchment based on the physical damages 
and destruction, particularly in the uplands of the Vicht 
valley.

DIPNs are a class of organic contaminants with a 
broad field of industrial applications, including usage 
as solvents, lubricants (e.g., [79]), and additives in vari-
ous products (e.g., food packaging material—[116], plant 
growth regular, and paper production—[38]). Further-
more, DIPNs are used as substitutes for PCBs. In the 
environment DIPNs are commonly reported since the 
late 2000s [38] and due to their resistance to biodegra-
dation, DIPNs  are becoming a raising environmental 
concern, despite their comparatively low toxicity (e.g., 
[47]). For the flood-samples contamination by DIPNs 
can be linked to industrial sources, similar to PCB emis-
sion sources. The vast destruction in the study area, the 
flooding of industrial sites, and flushing out of sewage 
systems all contribute to the release and distribution of 

DIPNs throughout the river catchments. This is further 
supported, as Schwanen et al. [92]—this issue, have also 
identified DIPNs in the Rur river into which the Vicht 
and Inde rivers flow. These downstream observations 
are likely linked to industrial emission sources along the 
Vicht and Inde catchments where most of the destructive 
flood-impacts took place.

Noteworthy other contaminants  Within the sediment 
samples, different individual contaminants have been 
detected. Among them, the most noteworthy are alkyl-
sulfonic acid phenylesters, carbazole, triacetin, and chlo-
robenzenes.

Non-phthalate-based plasticizers have been used more 
frequently in recent decades; however, some of these 
compounds are also afflicted with environmental con-
cerns. One group that has been used since the 1960s as 
an extender or full replacement for dimethyl phthalate or 
extender in PVC production are alkylsulfonic acid pheny-
lesters (ASE; [44]). In this study, various ASE congeners, 
combined marketed as Mesamoll®, have been detected 
in all samples. In total, four homologous groups of ASEs 
(C14—tetradecyl derivatives, C15—pentadecyl derivatives, 
C16—hexadecyl derivatives, and C17—heptadecyl deriva-
tives; Fig.  6C) have been identified in the sediments. 
Through the past two decades, few studies provided evi-
dence for the widespread distribution of Mesamoll® in 
the environment, as well as the ability to adsorb and accu-
mulate in sediments (e.g., [7, 34, 36, 83, 94]). Mesamoll® 
pollution in the Rur catchment, to which the Vicht–Inde 
catchment contributes, has previously been documented 
by Schwanen et al. [92].

Another non-phthalate-based plasticizer identified in 
the flood sediment is triacetin (Table 3). Its presence in 
the sediments is noteworthy, as triacetin is water soluble 
and is a prevailing component in the aqueous samples. 
Beyond triacetin’s utilization as a plasticizer, it is com-
monly used in other industrial applications, including as 
a solvent and additive in the production of food, phar-
maceuticals, and personal care products [32, 33]. While 
it is not typically considered a significant environmental 
pollutant, certain aspects, such as its acute toxicity, raise 
environmental concerns (e.g., [63]). However, informa-
tion on its potential long-term effects on ecosystems is 
limited.

Discussion
Environment‑specific contaminant characteristics, sources 
of flood‑induced pollution, and hotspots
For the qualitative pollution assessment of the 2021 flood, 
the complex interplay between flood dynamics and con-
taminant behavior necessitates a nuanced understanding 
of how diverse environmental settings shape the nature 
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and extent of flood-related pollution release, remobiliza-
tion, and distribution. Such insights are fundamental for 
devising targeted remediation strategies and fostering 
resilience in the face of the increasing unpredictability of 
extreme weather and flood events. Therefore, a distinc-
tion is made between two domains that affect pollution 

throughout the Vicht–Inde catchment under investiga-
tion during the flood: the aqueous and sediment phases.

Characteristics and sources of aqueous pollution
The extensive release and remobilization of pollut-
ants driven by flood-induced destruction is reflected 

Fig. 6  Chromatograms of technical and industrial pollutants. A Chromatogram polychlorinated biphenyls (PCBs) represented by PCB 
congeners pentachlorobiphenyl (Cl5; m/z = 326), hexachlorobiphenyl (Cl6; m/z = 360), and heptachlorobiphenyl (Cl7; m/z = 396); B chromatogram 
of diisopropylnaphthalenes (DIPNs; m/z = 212) with several isomers; C Chromatogram of alkylsulfonic acid phenylesters (Mesamoll®, m/z = 94) 
represented by C14-tetradecyl, C15-pentadecyl, C16-hexadecyl, and C17-heptadecyl derivates
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in the water samples exhibiting a diverse range of indi-
vidual contaminants, indicative of the flood-related pol-
lution from localized direct (point-) sources and diffuse 
catchment-encompassing sources. On the contrary, the 
water masses are transported downstream much faster 
than sediments or suspension loads. Thus, the effec-
tive residence time of aqueous pollution is relatively 
short (~ hours). This residence time can be prolonged in 
urban areas where circumstances allow water to pond 
for extended periods (days to weeks) or flood water is 
trapped in households, basements, or garages. Thereby, 
households not only act as sinks for aqueous pollution, 
but also as a yet rarely considered pollution source.

All water samples originate from urban areas. However, 
the external and environmental conditions vary between 
the three sampling locations. Sample W1 from Stolberg 
is collected in an area that experienced severe damages, 
erosion, and flooding (Fig.  1). Pollution by urban and 
industrial effluents can be directly linked to damaged 
sewage systems and flooding of households, and larger 
industrial plants. Particularly, the industrial complex 
located upstream of Stolberg along the Vicht experienced 
damages and flooding, likely causing the release or remo-
bilization of pollutants. Some of the industries affected 
include copper, copper alloy, and brass processing 
(Aurubis Solberg GmbH & Co.; William Prym Holding 
GmbH), as well as personal care, perfume, and detergent 
production (Dalli-Werke GmbH & Co.; s. Oliver Cosmet-
ics GmbH; Mäurer & Wirtz GmbH & Co. KG). Nonethe-
less, the impact of flood-derived industrial effluents is 
reflected in the water samples.

The water samples W2 and W3 were collected from 
basements in downstream areas in Eschweiler, where 
the physical damages of the flood were less severe, and 
the prevalent damages occurred from high water levels. 
The two samples differ from one another in terms of con-
taminant diversity. While sample W3 exhibits the low-
est diversity in contaminants, sample W2 shows a high 
diversity in contaminants. As the damages to the house-
holds were relatively low (compared to upstream areas 
of Stolberg) and only limited industrial areas are in the 
vicinity or direct upstream areas of the water samples 
W2 and W3, their specific aqueous pollution inventories 
can be linked to in  situ sources. Households and base-
ments themselves provide plentiful sources of organic 
contaminants. Most German houses have all critical 
infrastructure (water/sewage pipes, electricity, oil heating 
systems, etc.) in the basement. Furthermore, basements 
are frequently used for storage and laundry. All these 
factors play an important role during the inundation of 
flood water, as numerous in situ sources for personal care 
products, detergents, phthalates, petrogenics, and other 
compounds are given on an individual basis. In the larger 

scope of floods, such local sources for aqueous pollution 
have been neglected. However, the environmental and 
health impact in such localized hot spots may surpass the 
overall pollution in a river’s catchment and must be con-
sidered in post-flood remediation efforts.

Sources of sediment‑associated floodplain pollution
Floodplain sediments are often referred to as “a water-
body’s memory” (e.g., [14, 28, 42, 45]) reflecting a long 
history of floods, land-use change, and the discharged 
pollution. This is also true for the floodplains affected 
by the 2021 flood, as they recorded the flood itself in 
the form of sedimentary remnants and extensive flood-
related sediment-associated pollution throughout the 
Vicht–Inde catchment. This pollution may be converted 
into legacy pollution once the 2021 flood sediments are 
incorporated into the respective floodplain’s sedimentary 
archive, posing a long-term risk to local communities and 
ready to be remobilized during future flood events.

The collected and analyzed floodplain sediments show 
location-specific characteristics, thus the studied flood-
plains along the Vicht–Inde catchment distinguish into 
(A) the floodplains upstream of urban agglomerations 
(F2); (B) downstream floodplains in the immediate vicin-
ity of urban agglomerations (F1 and F3); and (C) river 
restoration floodplains significantly downstream of urban 
agglomerations (F3–F5).

The floodplain sample F2 from upstream areas of Stol-
berg at the Inde River presents the lowest overall pollu-
tion qualitatively. While this area has been significantly 
affected by the 2021 flood, direct sources for the emission 
of sediment-associated pollutants are limited at site F2 
and upstream.

At the sample location, F1 from the Vicht floodplain 
downstream of the severely affected town of Zweifall 
and upstream of Stolberg, a high abundance of pollut-
ants reflects the localized release. Particularly, petrogenic 
pollution from hopanes and PAHs is prevalent in sample 
F1. Due to the flooding, physical damages, and severe 
destruction in the valley-confined uplands of the Vicht 
catchment till the Vicht–Inde confluence, a multitude 
of potential point sources need to be considered. Fore-
most is the destruction of oil tanks, heating systems, and 
vehicles, releasing pollution from upstream urban areas 
onto the floodplain sinks. Other sources, such as run-off, 
remobilization, or diffuse pyrogenic sources, may also 
have played a role in the 2021 flood.

Three samples from river restoration floodplains have 
been taken downstream of the city Eschweiler (F3), along 
the rerouting “Neue Inde” outside of the lignite mine 
Inden (F4), and the Inde–Rur confluence (F5). While 
these floodplains are aimed to be restored to near-natural 
environments through rehabilitation efforts, they also 
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present significant sinks for pollution-associated flood 
sediments. In contrast to the naturally and artificially 
channelized river sections of the valley-confined upland 
and through the urban agglomerations, the lateral exten-
sion of the river corridor in restoration zones offers vast 
retention areas in the shape of floodplains and riparian 
areas for the flood water to reclaim during an event. In 
these areas, the flow speed was drastically reduced, even 
during the 2021 flood event, leading to the increased 
deposition of sediments and associated pollution (e.g., 
[62]). Schulte et  al. [88] documented for floodplains of 
the “Neue Inde” an enrichment of heavy metals in alloch-
thonous flood sediments prior to the 2021 flood. Simi-
lar observations can be made for the organic pollutants, 
despite a lack of local pollution sources, the level of pre-
sent contaminants is notable.

In general, the sediment-associated pollution evident 
in the 2021 flood deposits from floodplains is substantial, 
thereby raising long-term environmental concerns. The 
presence of persistent and ecologically hazardous groups 
of contaminants, exemplified by PCBs, PAHs, and plasti-
cizers (DIPNs, Mesamoll®), has the potential to attenu-
ate rehabilitation efforts within zones designated for river 
restoration.

Sources of sediment‑associated pollution in urban 
environments and households
The 2021 flood greatly affected urban areas like Stolberg, 
Eschweiler, and villages along the Vicht–Inde catchment. 
Substantial quantities of flood-derived sediments from 
upstream regions and local erosion processes (Figs. 1 and 
7) are deposited in these urban areas. The consequences 
were particularly severe, with several hundred houses 
and critical infrastructure (e.g., SAH hospital in Esch-
weiler) succumbing to flooding. The floodwater reached 
up to the first floor in the valley-confined uplands, while 
the lowlands witnessed predominantly flooding of base-
ments resulting in distinct sediment deposition patterns. 
This led to different pollution profiles between outdoor 
urban surfaces (e.g., roads, sidewalks, and squares) and 
indoors deposits (e.g., basements). The sediment-laden 
floodwaters infiltrated buildings, particularly basements, 
where they were confined, allowing sediments to settle 
out of suspension (e.g., Fig. 7). This spatial confinement 
and settling process may lead to variations in the pollu-
tion patterns between flood sediments. Notably, samples 
collected from households and basements displayed a 
higher complexity in their pollutant congeneric distribu-
tion. The differences in pollution levels suggest that local 
sources within buildings may play a dominant role in 
influencing the overall quality and quantity of sediment-
associated pollution.

Pollution hotspots vs. wash‑out effects
The inventory of aqueous and sediment-associated 
contaminants in deposits from various affected envi-
ronments by the 2021 flood emphasizes the presence 
of pollution hot spots and wash-out effects across the 
Vicht–Inde catchment. At first glance, these may seem 
conflicting in the same event, but the environmental 
divergence between urban areas and floodplains causes 
drastic differences in fluvial and flood-related pollution 
dynamics.

One of the main contributors to localized hotspot 
pollution in urban areas is the fast discharge of flood 
water during the 2021 event (e.g., [62]) that enabled the 
observed scale of physical damages, erosion, and trans-
port of large debris and sediments. These effects are 
amplified in the upland valley-confined and channelized 
urban river sections. Here, the pronounced effects of lat-
eral erosion led to the impairment of infrastructure (e.g., 
bridges) and buildings (e.g., [62]). Through damages to 
industrial areas, housing quarters, and urban infrastruc-
ture (e.g., sewage treatment plants, waste disposal sites, 
etc.), as well as the erosion of legacy contaminants (e.g., 
from mining areas), flood-induced sediment-associated 
pollution is released or remobilized. The nature of urban 
environments creates numerous areas where flood water 
discharge velocities can decrease and sediments, along-
side their pollution load, accumulate. In the outdoors, 
wider areas (roads, squares, etc.) and confined places 
(backyards, alleys, etc.) emerge as sedimentation and pol-
lution hotspots (Figs. 1 and 7). This is further supported 
by the organic pollution inventory of both water and sed-
iment samples indicating that indoor areas of buildings 
may be considered as flood-induced pollution hotspots.

Within the confines of houses and buildings, exter-
nally released or remobilized pollutants (e.g., from 
industrial plants or old burdens) associated with the 
sediment-rich flood water are transported into build-
ings where they meet and mix with contaminants of 
in  situ pollution sources activated by the inundating 
flood water (Fig. 7). In situ sources include but are not 
limited to building infrastructure (plumbing, heat-
ing), building materials (PVC pipes, cable insulations, 
etc.), everyday items (personal care products, laundry, 
and cleaning agents), gardening chemicals (fertiliz-
ers, pesticides, herbicides), home improvement meas-
ures (paint, oils, lubricants, rust preventative, etc.), 
electronic equipment (photocopier ink, computers, 
etc.), and many more (Fig. 7). The presented pollution 
inventory reflects these diverse contamination sources. 
Short-term health hazards to disaster relief workers, 
volunteer helpers and residents may originate from 
flood waters and sediments in houses. However, long-
term hazards may arise from pollutants infiltrating into 
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Fig. 7  Photo plate of flood-related damages and pollution sources along the Vicht and Inde rivers. A Damages to a road, erosion of the sidewalk 
and piping infrastructure in the industrial areas at Zweifaller Straße (L238) in Stolberg. Photo—courtesy of Tristan Lothmann. B Unknown white 
foam oozing from sewer in the aftermath of the flood. The foam is likely linked to the release of household and industrial surfactants. Photo—
courtesy of Tristan Lothmann. C Flooded basement with in situ pollution sources from home improvements items (e.g., oils, lubricants, etc.). 
Photo—courtesy of Tristan Lothmann. D Flooded garage and workshop with numerous potential in situ pollution sources. Photo—courtesy 
of Tristan Lothmann. E Flooded office room covered in a thin layer of mud. In situ pollution sources from everyday electronic items and office 
supplies. Located in a municipal office building at Willy-Brand Platz in Stolberg. Photo—courtesy of Tristan Lothmann. F Muddy flood deposits 
on basement stairs in Stolberg. First responders and relief workers needed to wear improvised protective gear against hazardous pollution. Photo—
courtesy of Tristan Lothmann
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walls, furniture, and other household items. Apart from 
mold, hazardous aerosols (e.g., [29]) and dust (e.g., 
[110]—this issue) can emanate from the evaporation of 
organic contaminants over extended periods, creating 
long-term health risks for the local population.

In the larger scope of floods, concerns arising from 
pollution, particularly localized pollution, have been 
neglected in the past despite the imminent environ-
mental and health impact in such localized hotspots, 
which may surpass the overall pollution in a river’s 
catchment. In future disaster relief strategies, local pol-
lution must be considered as a short-term hazard to 
first responders and a long-term hazard to residents. 
Appropriate actions need to be developed for future 
post-flood remediation efforts.

In contrast to the pollution hotspots, it is impera-
tive to acknowledge that a significant proportion of 
the flood-associated pollution has likely been trans-
ported downstream along the Rur (as documented by 
Schwanen et  al. [92]) and Meuse rivers. The phenom-
enon of washing-out is often overlooked in flood analy-
ses (e.g., [7, 66]).

The activation of pollution sources is most pronounced 
in the early stages of a flood (“first flush”), coinciding with 
the peak of physical damages and flood expansions [67]. 
Subsequently, these pollution sources are drained, and 
the released contaminants are transported downstream 
(unless entrapped) throughout the duration of the flood, 
culminating in their eventual sediment-associated depo-
sition at later stages of the flood event, when water cur-
rent velocities subside below the minimum transport 
threshold. Furthermore, it is pertinent to consider that 
certain flood deposits may undergo erosion during sub-
sequent flood pulses. The 2021 flood event, for instance, 
witnessed the occurrence of at least 2–3 distinct flood 
pulses recorded by gauges in Mulatshütte (Vicht), Kor-
nelimünster, and Eschweiler (Inde), further complicating 
the dynamics of sediment-associated pollution trans-
port and deposition. Collectively, these mechanisms give 
rise to a pollution wash-out phenomenon in unconfined 
river sections, notably floodplains (e.g., [7]). This occur-
rence presents a potential concern, particularly given 
that numerous post-flood investigations commonly 
focus on surveying "unaltered" floodplains, viewing them 
as archives for flood-induced pollution. However, this 
approach may inadvertently lead to a systematic under-
estimation of the actual extent of contamination release 
and the pollution potential associated with catastrophic 
floods. Consequently, relying (mostly) on floodplains for 
post-flood assessments neglects the intricate dynamic 
nature of flood-derived pollution, resulting in an incom-
plete understanding of the complex interplay between 
pollution release, remobilization, transport, deposition, 

and their broader environmental implications across var-
ious timescales.

Conclusions
By inventorying the non-polar organic contamination in 
water and sediment samples, this study provides a com-
prehensive qualitative overview of the intricate pollution 
dynamics during the 2021 flood. Thereby, this study offers 
valuable insights into (A) diversity in pollutant presence 
across different environments (floodplains, urban, and 
household); (B) the multifaceted circumstances of pol-
lutant release, remobilization, and transport; and (C) 
emphasizing the role of local conditions (sustained dam-
ages, pollution hotspots and wash-out effects) and pol-
lution sources to gain a better understanding of the true 
nature of flood-induced pollution.

It is imperative to acknowledge pollution hotspots and 
wash-out effects in flood pollution assessments for a 
more accurate evaluation of the impact of floods on envi-
ronmental pollution. Further, this study emphasizes the 
importance of addressing the immediate and long-term 
consequences of pollution resulting from natural flood 
disasters, exemplified by the 2021 flood in Germany. This 
pollution may be converted into legacy pollution once the 
2021 flood sediments are incorporated into the respec-
tive floodplain’s sedimentary archive, posing a long-term 
risk to local communities and ready to be remobilized 
during future flood events. The potential conversion of 
contaminants emitted or remobilized by the 2021 flood 
into legacy pollution, underscores the need for targeted 
remediation efforts to mitigate both short-term and long-
term environmental impact and health hazards arising 
from flood-associated pollution. In future disaster relief 
strategies, local pollution must be considered as a short-
term hazard to first responders and a long-term hazard 
to residents. Appropriate actions need to be developed 
for future post-flood remediation efforts.

In the larger scope of floods, concerns arising from 
pollution, particularly localized pollution, have been 
neglected in the past despite the imminent environmen-
tal and health impact in such localized hotspots, which 
may surpass the overall pollution in a river’s catchment. 
Recognizing the transitory nature of catastrophic floods 
and their associated pollution potential becomes para-
mount, particularly in times of increasing environmental 
and pollution-related challenges exacerbated by climate-
driven extreme events. Acknowledging this is crucial to 
gaining a more profound understanding of pollution 
sources and distribution processes, thereby enabling 
the development of effective environmental monitor-
ing actions and strategies to protect water quality, pre-
serve ecosystems, and promote human well-being. The 
qualitative results of this study are the basis for a specific 
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quantitative analysis of pollution concentrations and 
variations across the catchments and the development of 
suitable future strategies.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12302-​024-​00925-6.

Supplementary Material 1.

Acknowledgements
We thank the interdisciplinary research team from RWTH Aachen University 
for their help in collecting samples. Here, we especially thank the working 
groups of Prof. Dr.-Ing. Holger Schüttrumpf and Prof. Dr. Frank Lehmkuhl. A 
special thanks is attributed to Stefanie Wolf and Verena Esser, who coordinated 
the sampling efforts and inventoried all flood samples at RWTH Aachen 
University. We thank Yvonne Esser and Annette Schneiderwind, as well as 
Aniela Dümecke, Julian Fabry, Nina Ott, and Charlotte Draese, for their support 
during laboratory analysis. We thank Tristan Lothmann for his eyewitness 
accounts and the supply of photographs of flood damages in Stolberg. 
We thank all reviewers for their constructive comments that improved this 
research article.

Author contributions
PB, JS, and KR were involved in planning and conducting all aspects of the 
research and laboratory work. KR organized the field work and all authors 
participated in the field survey immediately after the flood in 2021. Labora-
tory analyses were conducted under the supervision of JS and PB. PB and 
JS administered and performed the analyses and data interpretation. KR 
provided additional research data on the flood deposits. PB wrote the initial 
manuscript draft. All authors reviewed and edited the manuscript before 
submission.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
All data generated during this study are included in this published article and 
its supplementary material.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 1 February 2024   Accepted: 2 May 2024

References
	 1.	 Adeleye AS, Xue J, Zhao Y, Taylor AA, Zenobio JE, Sun Y, Han Z, Salawu 

OA, Zhu Y (2022) Abundance, fate, and effects of pharmaceuticals 
and personal care products in aquatic environments. J Hazard Mater 
424:127284. https://​doi.​org/​10.​1016/j.​jhazm​at.​2021.​127284

	 2.	 Akerlof KL, Loevenich J, Melena S, Lipsky CA (2023) What’s local policy 
got to do with it? Testing the efficacy of federal interventions to protect 
coastal parks from sunscreen chemical pollution in Hawaii and North 
Carolina. Mar Policy 157:105849. https://​doi.​org/​10.​1016/j.​marpol.​2023.​
105849

	 3.	 Amirzakariya BZ, Shakeri A (2022) Bioactive terpenoids derived from 
plant endophytic fungi: an updated review (2011–2020). Phytochemis-
try 197:113130. https://​doi.​org/​10.​1016/j.​phyto​chem.​2022.​113130

	 4.	 Arekhi M, Terry LG, John GF, Clement TP (2021) Environmental fate of 
petroleum biomarkers in deepwater horizon oil spill residues over the 
past 10 years. Sci Total Environ 791:148056. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2021.​148056

	 5.	 Bakrim S, Benkhaira N, Bourais I, Benali T, Lee LH, El Omari N, Sheikh RA, 
Goh KW, Ming LC, Bouyahya A (2022) Health benefits and pharmaco-
logical properties of stigmasterol. Antioxidants 11(10):1912. https://​doi.​
org/​10.​3390/​antio​x1110​1912

	 6.	 Baloyi ND, Tekere M, Maphangwa KW, Masindi V (2021) Insights into 
the prevalence and impacts of phthalate esters in aquatic ecosystems. 
Front Environ Sci 9:684190. https://​doi.​org/​10.​3389/​fenvs.​2021.​684190

	 7.	 Bellanova L, Uphoff F, Bellanova P, Engels N, Prabhu P, Pulipatti Y, Lehm-
kuhl F, Schulte P, Reicherter K, Schwarzbauer J (2022) Contemporary 
contamination of urban floodplains in Chennai (India). Water Air Soil 
Pollut 233(8):311. https://​doi.​org/​10.​1007/​s11270-​022-​05785-5

	 8.	 Bellanova P, Feist L, Costa PJ, Orywol S, Reicherter K, Lehmkuhl F, 
Schwarzbauer J (2022) Contemporary pollution of surface sediments 
from the Algarve shelf, Portugal. Mar Pollut Bull 176:113410. https://​doi.​
org/​10.​1016/j.​marpo​lbul.​2022.​113410

	 9.	 Bellanova P, Frenken M, Reicherter K, Jaffe B, Szczuciński W, Schwar-
zbauer J (2020) Anthropogenic pollutants and biomarkers for the 
identification of 2011 Tohoku-oki tsunami deposits (Japan). Mar Geol 
422:106117. https://​doi.​org/​10.​1016/j.​margeo.​2020.​106117

	 10.	 Bhattacharya R, Chatterjee A, Chatterjee S, Saha NC (2021) Acute toxic-
ity and sublethal effects of sodium laureth sulfate on oxidative stress 
enzymes in benthic oligochaete worm, Tubifex tubifex. Comp Biochem 
Physiol Part C Toxicol Pharmacol 243:108998. https://​doi.​org/​10.​1016/j.​
cbpc.​2021.​108998

	 11.	 Birnbaum LS, Schug TT (2013) Phthalates in our food. Endocr Disruptors 
1(1):e25078. https://​doi.​org/​10.​4161/​endo.​25078

	 12.	 Breivik K, Sweetman A, Pacyna JM, Jones KC (2002) Towards a global 
historical emission inventory for selected PCB congeners—a mass 
balance approach: 2. Emissions. Sci Total Environ 290(1–3):199–224. 
https://​doi.​org/​10.​1016/​S0048-​9697(01)​01076-2

	 13.	 Breivik K, Sweetman A, Pacyna JM, Jones KC (2007) Towards a global 
historical emission inventory for selected PCB congeners—a mass 
balance approach: 3. An update. Sci Total Environ 377(2–3):296–307. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2007.​02.​026

	 14.	 Buchty-Lemke M, Hagemann L, Maaß AL, Schüttrumpf H, Schwarzbauer 
J, Lehmkuhl F (2019) Floodplain chronology and sedimentation rates 
for the past 200 years derived from trace element gradients, organic 
compounds, and numerical modeling. Environ Earth Sci 78(15):445. 
https://​doi.​org/​10.​1007/​s12665-​019-​8428-4

	 15.	 Burgos-Aceves MA, Abo-Al-Ela HG, Faggio C (2021) Impact of phtha-
lates and bisphenols plasticizers on haemocyte immune function of 
aquatic invertebrates: a review on physiological, biochemical, and 
genomic aspects. J Hazard Mater 419:126426. https://​doi.​org/​10.​1016/j.​
jhazm​at.​2021.​126426

	 16.	 Chang BV, Liao CS, Yuan SY (2005) Anaerobic degradation of diethyl 
phthalate, di-n-butyl phthalate, and di-(2-ethylhexyl) phthalate from 
river sediment in Taiwan. Chemosphere 58:1601–1607. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2004.​11.​031

	 17.	 Chaturvedi V, Kumar A (2010) Toxicity of sodium dodecyl sulfate in 
fishes and animals a review. Int J Appl Biol Pharm Technol. 1:630–633

	 18.	 Chokwe TB, Abafe OA, Mbelu SP, Okonkwo JO, Sibali LL (2020) A 
review of sources, fate, levels, toxicity, exposure and transformations of 
organophosphorus flame-retardants and plasticizers in the environ-
ment. Emerg Contam 6:345–366. https://​doi.​org/​10.​1016/j.​emcon.​2020.​
08.​004

	 19.	 Crawford SE, Brinkmann M, Ouellet JD, Lehmkuhl F, Reicherter K, 
Schwarzbauer J et al (2022) Remobilization of pollutants during 
extreme flood events poses severe risks to human and environmental 
health. J Hazard Mater 421:126691. https://​doi.​org/​10.​1016/j.​jhazm​at.​
2021.​126691

	 20.	 Danovaro R, Bongiorni L, Corinaldesi C, Giovannelli D, Damiani E, Astolfi 
P, Greci L, Pusceddu A (2008) Sunscreens cause coral bleaching by pro-
moting viral infections. Environ Health Perspect 116(4):441–447. https://​
doi.​org/​10.​1289/​ehp.​10966

https://doi.org/10.1186/s12302-024-00925-6
https://doi.org/10.1186/s12302-024-00925-6
https://doi.org/10.1016/j.jhazmat.2021.127284
https://doi.org/10.1016/j.marpol.2023.105849
https://doi.org/10.1016/j.marpol.2023.105849
https://doi.org/10.1016/j.phytochem.2022.113130
https://doi.org/10.1016/j.scitotenv.2021.148056
https://doi.org/10.1016/j.scitotenv.2021.148056
https://doi.org/10.3390/antiox11101912
https://doi.org/10.3390/antiox11101912
https://doi.org/10.3389/fenvs.2021.684190
https://doi.org/10.1007/s11270-022-05785-5
https://doi.org/10.1016/j.marpolbul.2022.113410
https://doi.org/10.1016/j.marpolbul.2022.113410
https://doi.org/10.1016/j.margeo.2020.106117
https://doi.org/10.1016/j.cbpc.2021.108998
https://doi.org/10.1016/j.cbpc.2021.108998
https://doi.org/10.4161/endo.25078
https://doi.org/10.1016/S0048-9697(01)01076-2
https://doi.org/10.1016/j.scitotenv.2007.02.026
https://doi.org/10.1007/s12665-019-8428-4
https://doi.org/10.1016/j.jhazmat.2021.126426
https://doi.org/10.1016/j.jhazmat.2021.126426
https://doi.org/10.1016/j.chemosphere.2004.11.031
https://doi.org/10.1016/j.chemosphere.2004.11.031
https://doi.org/10.1016/j.emcon.2020.08.004
https://doi.org/10.1016/j.emcon.2020.08.004
https://doi.org/10.1016/j.jhazmat.2021.126691
https://doi.org/10.1016/j.jhazmat.2021.126691
https://doi.org/10.1289/ehp.10966
https://doi.org/10.1289/ehp.10966


Page 21 of 23Bellanova et al. Environmental Sciences Europe          (2024) 36:110 	

	 21.	 Deluchat V, Lacour S, Serpaud B, Bollinger JC (2002) Washing powders 
and the environment: has TAED any influence on the complexing 
behaviour of phosphonic acids? Water Res 36(17):4301–4306. https://​
doi.​org/​10.​1016/​S0043-​1354(02)​00160-4

	 22.	 Dietze M, Bell R, Ozturk U, Cook KL, Andermann C, Beer AR et al (2022) 
More than heavy rain turning into fast-flowing water—a landscape per-
spective on the 2021 Eifel floods. Nat Hazards Earth Syst Sci 22(6):1845–
1856. https://​doi.​org/​10.​5194/​nhess-​22-​1845-​2022

	 23.	 Downs CA, DiNardo JC, Stien D, Rodrigues AM, Lebaron P (2021) Benzo-
phenone accumulates over time from the degradation of octocrylene 
in commercial sunscreen products. Chem Res Toxicol 34(4):1046–1054. 
https://​doi.​org/​10.​1021/​acs.​chemr​estox.​0c004​61

	 24.	 Dsikowitzky L, Schwarzbauer J, Littke R (2002) Distribution of polycyclic 
musks in water and particulate matter of the Lippe River (Germany). 
Org Geochem 33(12):1747–1758. https://​doi.​org/​10.​1016/​S0146-​
6380(02)​00115-8

	 25.	 Eganhouse RP, Blumfield DL, Kaplan IR (1983) Long-chain alkylbenzenes 
as molecular tracers of domestic wastes in the marine environment. 
Environ Sci Technol 17(9):523–530. https://​doi.​org/​10.​1021/​es001​
15a006

	 26.	 Eganhouse RP, Olaguer DP, Gould BR, Phinney CS (1988) Use of molecu-
lar markers for the detection of municipal sewage sludge at sea. Mar 
Environ Res 25(1):1–22. https://​doi.​org/​10.​1016/​0141-​1136(88)​90358-3

	 27.	 Erickson MD, Kaley RG (2011) Applications of polychlorinated 
biphenyls. Environ Sci Pollut Res 18:135–151. https://​doi.​org/​10.​1007/​
s11356-​010-​0392-1

	 28.	 Esser V, Buchty-Lemke M, Schulte P, Podzun LS, Lehmkuhl F (2020) 
Signatures of recent pollution profiles in comparable central European 
rivers—examples from the international River Basin District Meuse. 
CATENA 193:104646. https://​doi.​org/​10.​1016/j.​catena.​2020.​104646

	 29.	 Fabian MP, Miller SL, Reponen T, Hernandez MT (2005) Ambient bio-
aerosol indices for indoor air quality assessments of flood reclamation. J 
Aerosol Sci 36(5–6):763–783. https://​doi.​org/​10.​1016/j.​jaero​sci.​2004.​11.​
018

	 30.	 Fekete A, Sandholz S (2021) Here comes the flood, but not failure? Les-
sons to learn after the heavy rain and pluvial floods in Germany 2021. 
Water 13(21):3016. https://​doi.​org/​10.​3390/​w1321​3016

	 31.	 Fiume MM, Heldreth B, Bergfeld WF, Belsito DV, Hill RA, Klaassen CD, 
Liebler DC, Marks JG Jr, Shank RC, Slaga TJ, Snyder PW, Andersen FA 
(2016) Safety assessment of alkyl PEG/PPG ethers as used in cosmetics. 
Int J Toxicol 35(1_suppl):60S-89S. https://​doi.​org/​10.​1177/​10915​81816​
650626

	 32.	 Fiume MZ (2003) Final report on the safety assessment of triacetin. Int J 
Toxicol 22:1–10. https://​doi.​org/​10.​1080/​10915​81039​02048​45

	 33.	 Fiume M, Bergfeld WF, Belsito DV, Hill RA, Klaassen CD, Liebler DC, Marks 
JG, Shank RC, Slaga TJ, Snyder PW, Heldreth B (2023) Triacetin. Int J 
Toxicol. https://​doi.​org/​10.​1177/​10915​81823​12042​71

	 34.	 Franke S, Schwarzbauer J, Francke W (1998) Arylesters of alkylsulfonic 
acids in sediments part III of organic compounds as contaminants of 
the Elbe River and its tributaries: part III of organic compounds as con-
taminants of the Elbe River and its tributaries. Fresenius J Anal Chem 
360:580–588. https://​doi.​org/​10.​1007/​s0021​60050​762

	 35.	 Frenken M, Bellanova P, Nishimura Y, Schulte P, Lehmkuhl F, Reicherter K, 
Schwarzbauer J (2022) Suitable indicators to determine tsunami impact 
on coastal areas in Northern Japan, Aomori Prefecture. Environ Monit 
Assess 194(5):385. https://​doi.​org/​10.​1007/​s10661-​022-​09989-4

	 36.	 Fromme H, Schwarzbauer J, Lahrz T, Kraft M, Fembacher L (2017) 
Alkylsulfonic acid phenylesters (ASEs, Mesamoll®) in dust samples of 
German residences and daycare centers (LUPE 3). Int J Hyg Environ 
Health 220(2):440–444. https://​doi.​org/​10.​1016/j.​ijheh.​2016.​12.​009

	 37.	 Gao D, Li Z, Wang H, Liang H (2018) An overview of phthalate acid ester 
pollution in China over the last decade: environmental occurrence and 
human exposure. Sci Total Environ 645:1400–1409. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2018.​07.​093

	 38.	 George SC, Volk H, Romero-Sarmiento MF, Dutkiewicz A, Mossman 
DJ (2010) Diisopropyl naphthalenes: environmental contaminants of 
increasing importance for organic geochemical studies. Org Geochem 
41(9):901–904. https://​doi.​org/​10.​1016/j.​orgge​ochem.​2010.​06.​002

	 39.	 Gilbert PA (1992) TAED-tetraacetylethylenediamine. In: de Oude 
NT (ed) The handbook of environmental chemistry, vol. 3 Part F 

antropogenic compounds: detergents. Springer, Berlin. https://​doi.​
org/​10.​1007/​978-3-​540-​47108-0_​10

	 40.	 Gschwend PM, Hites RA (1981) Fluxes of polycyclic aromatic hydro-
carbons to marine and lacustrine sediments in the northeastern 
United States. Geochim Cosmochim Acta 45(12):2359–2367. https://​
doi.​org/​10.​1016/​0016-​7037(81)​90089-2

	 41.	 Guedez AA, Frömmel S, Diehl P, Püttmann W (2010) Occurrence and 
temporal variations of TMDD in the river Rhine, Germany. Environ Sci 
Pollut Res 17:321–330. https://​doi.​org/​10.​1007/​s11356-​009-​0191-8

	 42.	 Hagemann L, Buchty-Lemke M, Maaß AL, Schüttrumpf H, Lehmkuhl 
F, Schwarzbauer J (2020) Potential hotspots of persistent organic 
pollutants in alluvial sediments of the meandering Wurm River, 
Germany. J Soils Sediments 20:1034–1045. https://​doi.​org/​10.​1007/​
s11368-​019-​02491-4

	 43.	 Hartmann PC, Quinn JG, King JW, Tsutsumi S, Takada H (2000) Inter-
calibration of LABs in marine sediment SRM1941a and their applica-
tion as a molecular marker in Narragansett Bay sediments. Environ 
Sci Technol 34(5):900–906. https://​doi.​org/​10.​1021/​es990​798q

	 44.	 Haslam J, Soppet W, Willis HA (1951) The analytical examination of 
plasticizers obtained from polyvinyl chloride compositions. J Appl 
Chem 1(3):112–124. https://​doi.​org/​10.​1002/​jctb.​50100​10306

	 45.	 Heim S, Schwarzbauer J (2013) Pollution history revealed by sedi-
mentary records: a review. Environ Chem Lett 11:255–270. https://​
doi.​org/​10.​1007/​s10311-​013-​0409-3

	 46.	 Heim S, Schwarzbauer J, Kronimus A, Littke R, Woda C, Mangini 
A (2004) Geochronology of anthropogenic pollutants in riparian 
wetland sediments of the Lippe River (Germany). Org Geochem 
35(11–12):1409–1425. https://​doi.​org/​10.​1016/j.​orgge​ochem.​2004.​03.​
008

	 47.	 Höke H, Zellerhoff R (1998) Metabolism and toxicity of diisopropyl-
naphthalene as compared to naphthalene and monoalkyl naphtha-
lenes: a minireview. Toxicology 126(1):1–7. https://​doi.​org/​10.​1016/​
S0300-​483X(97)​00187-X

	 48.	 Hofmann J, Just G, Pritzkow W, Schmidt H (1992) Bleaching activators 
and the mechanism of bleaching activation. J für Praktische Chemie/
Chemiker-Zeitung 334(4):293–297. https://​doi.​org/​10.​1002/​prac.​
19923​340402

	 49.	 Hutzinger O, Safe S, Zitko V (1974) The chemistry of PCBs. CRC Press, 
Cleveland, p 1–39, 113–148, 221–253

	 50.	 Isobe KO, Zakaria MP, Chiem NH, Minh LY, Prudente M, Boonyatu-
manond R, Saha M, Sarkar S, Takada H (2004) Distribution of linear 
alkylbenzenes (LABs) in riverine and coastal environments in South 
and Southeast Asia. Water Res 38(9):2449–2459. https://​doi.​org/​10.​
1016/j.​watres.​2004.​02.​009

	 51.	 Johnson W Jr, Heldreth B, Bergfeld WF, Belsito DV, Hill RA, Klaassen 
CD, Liebler DC, Marks JG Jr, Shank RC, Slaga TJ, Snyder PW, Andersen 
FA (2015) Safety assessment of alkyl PEG sulfosuccinates as used in 
cosmetics. Int J Toxicol 34(2_suppl):70S-83S. https://​doi.​org/​10.​1177/​
10915​81815​594755

	 52.	 Junghänel T, Bissolli P, Daßler J, Fleckenstein R, Imbery F, Janssen W, 
Kaspar F, Lengfeld K, Leppelt T, Rauthe M, Rauthe-Schöch A, Rocek 
M, Walawender E, Weigl E (2021) Hydro-klimatologische Einord-
nung der Stark- und Dauerniederschlage in Teilen Deutschlands im 
Zusammenhang mit dem Tiefdruckgebiet “Bernd” vom 12. bis 19. Juli 
2021. [Hydro-climatological classification of heavy and persistent 
precipitation in parts of Germany in connection with the low pres-
sure area “Bernd” from 12 to 19 July 2021]. Deutscher Wetterdienst, 
Geschäftsbereich Klima und Umwelt. https://​www.​dwd.​de/​DE/​leist​
ungen/​beson​deree​reign​isse/​niede​rschl​ag/​20210​721_​beric​ht_​stark​
niede​rschl​aege_​tief_​bernd.​html. Accessed 29 Nov 2021. (in German)

	 53.	 Kamrin MA (2009) Phthalate risks, phthalate regulation, and public 
health: a review. J Toxicol Environ Health Part B 12(2):157–174. 
https://​doi.​org/​10.​1080/​10937​40090​27292​26

	 54.	 Kassebaum JW (1993) Pesticide formulations and application sys-
tems: 13th volume, astm. Pestic Formul Appl Syst 1183:1

	 55.	 Kaur N, Chaudhary J, Jain A, Kishore L (2011) Stigmasterol: a com-
prehensive review. Int J Pharm Sci Res 2(9):2259. https://​doi.​org/​10.​
13040/​IJPSR.​0975-​8232.​2(9).​2259-​65

	 56.	 Kim GB, Maruya KA, Lee RF, Lee JH, Koh CH, Tanabe S (1999) Distribution 
and sources of polycyclic aromatic hydrocarbons in sediments from 

https://doi.org/10.1016/S0043-1354(02)00160-4
https://doi.org/10.1016/S0043-1354(02)00160-4
https://doi.org/10.5194/nhess-22-1845-2022
https://doi.org/10.1021/acs.chemrestox.0c00461
https://doi.org/10.1016/S0146-6380(02)00115-8
https://doi.org/10.1016/S0146-6380(02)00115-8
https://doi.org/10.1021/es00115a006
https://doi.org/10.1021/es00115a006
https://doi.org/10.1016/0141-1136(88)90358-3
https://doi.org/10.1007/s11356-010-0392-1
https://doi.org/10.1007/s11356-010-0392-1
https://doi.org/10.1016/j.catena.2020.104646
https://doi.org/10.1016/j.jaerosci.2004.11.018
https://doi.org/10.1016/j.jaerosci.2004.11.018
https://doi.org/10.3390/w13213016
https://doi.org/10.1177/1091581816650626
https://doi.org/10.1177/1091581816650626
https://doi.org/10.1080/10915810390204845
https://doi.org/10.1177/10915818231204271
https://doi.org/10.1007/s002160050762
https://doi.org/10.1007/s10661-022-09989-4
https://doi.org/10.1016/j.ijheh.2016.12.009
https://doi.org/10.1016/j.scitotenv.2018.07.093
https://doi.org/10.1016/j.scitotenv.2018.07.093
https://doi.org/10.1016/j.orggeochem.2010.06.002
https://doi.org/10.1007/978-3-540-47108-0_10
https://doi.org/10.1007/978-3-540-47108-0_10
https://doi.org/10.1016/0016-7037(81)90089-2
https://doi.org/10.1016/0016-7037(81)90089-2
https://doi.org/10.1007/s11356-009-0191-8
https://doi.org/10.1007/s11368-019-02491-4
https://doi.org/10.1007/s11368-019-02491-4
https://doi.org/10.1021/es990798q
https://doi.org/10.1002/jctb.5010010306
https://doi.org/10.1007/s10311-013-0409-3
https://doi.org/10.1007/s10311-013-0409-3
https://doi.org/10.1016/j.orggeochem.2004.03.008
https://doi.org/10.1016/j.orggeochem.2004.03.008
https://doi.org/10.1016/S0300-483X(97)00187-X
https://doi.org/10.1016/S0300-483X(97)00187-X
https://doi.org/10.1002/prac.19923340402
https://doi.org/10.1002/prac.19923340402
https://doi.org/10.1016/j.watres.2004.02.009
https://doi.org/10.1016/j.watres.2004.02.009
https://doi.org/10.1177/1091581815594755
https://doi.org/10.1177/1091581815594755
https://www.dwd.de/DE/leistungen/besondereereignisse/niederschlag/20210721_bericht_starkniederschlaege_tief_bernd.html
https://www.dwd.de/DE/leistungen/besondereereignisse/niederschlag/20210721_bericht_starkniederschlaege_tief_bernd.html
https://www.dwd.de/DE/leistungen/besondereereignisse/niederschlag/20210721_bericht_starkniederschlaege_tief_bernd.html
https://doi.org/10.1080/10937400902729226
https://doi.org/10.13040/IJPSR.0975-8232.2(9).2259-65
https://doi.org/10.13040/IJPSR.0975-8232.2(9).2259-65


Page 22 of 23Bellanova et al. Environmental Sciences Europe          (2024) 36:110 

Kyeonggi Bay, Korea. Mar Pollut Bull 38(1):7–15. https://​doi.​org/​10.​1016/​
S0025-​326X(99)​80006-X

	 57.	 King IC, Lorenzi V, Blasius ME, Gossett R (2021) Leachates from cigarette 
butts can persist in marine sediment. Water Air Soil Pollut 232:1–13. 
https://​doi.​org/​10.​1007/​s11270-​021-​04999-3

	 58.	 Korekar G, Kumar A, Ugale C (2020) Occurrence, fate, persistence and 
remediation of caffeine: a review. Environ Sci Pollut Res 27:34715–
34733. https://​doi.​org/​10.​1007/​s11356-​019-​06998-8

	 59.	 Korswagen P, Selvam H, Oetjen J, Wüthrich D (2022) Post-flood field 
survey of the Ahr Valley (Germany): building damages and hydraulic 
aspects. Delft Univ Technol. https://​doi.​org/​10.​4233/​uuid:​3cafd​772-​
facd-​4e3a-​8b1a-​cee97​8562f​f1

	 60.	 Kreienkamp F, Philip SY, Tradowsky JS, Kew SF, Lorenz P, Arrighi J 
et al (2021) Rapid attribution of heavy rainfall events leading to the 
severe flooding in Western Europe during July 2021. World Weather 
Attribution

	 61.	 Krein A, Symader W (2000) Pollutant sources and transport patterns 
during natural and artificial flood events in the Olewiger. In: IAHS sym-
posium on the role of erosion and sediment transport in nutrient and 
contaminant transfer, vol 263. IAHS Publ., Waterloo, Canada

	 62.	 Lehmkuhl F, Schüttrumpf H, Schwarzbauer J, Brüll C, Dietze M, Let-
mathe P, Völker C, Hollert H (2022) Assessment of the 2021 summer 
flood in Central Europe. Environ Sci Eur 34(1):107. https://​doi.​org/​10.​
1186/​s12302-​022-​00685-1

	 63.	 Li RC, Sah PP, Anderson HH (1941) Acute toxicity of monacetin, diacetin 
and triacetin. Proc Soc Exp Biol Med 46(1):26–28. https://​doi.​org/​10.​
3181/​00379​727-​46-​11876

	 64.	 Lyche JL, Gutleb AC, Bergman Å, Eriksen GS, Murk AJ, Ropstad E, 
Saunders M, Skaare JU (2009) Reproductive and developmental toxicity 
of phthalates. J Toxicol Environ Health Part B 12(4):225–249. https://​doi.​
org/​10.​1080/​10937​40090​30940​91

	 65.	 Lyu Y, Li G, He Y, Li Y, Tang Z (2022) Occurrence and distribution of 
organic ultraviolet absorbents in soils and plants from a typical indus-
trial area in South China. Sci Total Environ 846:157383. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2022.​157383

	 66.	 Lyubimova T, Lepikhin A, Parshakova Y, Tiunov A (2016) The risk of 
river pollution due to washout from contaminated floodplain water 
bodies during periods of high magnitude floods. J Hydrol 534:579–589. 
https://​doi.​org/​10.​1016/j.​jhydr​ol.​2016.​01.​030

	 67.	 Maniquiz-Redillas M, Robles ME, Cruz G, Reyes NJ, Kim LH (2022) First 
flush stormwater runoff in urban catchments: a bibliometric and com-
prehensive review. Hydrology 9(4):63. https://​doi.​org/​10.​3390/​hydro​
logy9​04006​363

	 68.	 Margenat A, Matamoros V, Díez S, Cañameras N, Comas J, Bayona JM 
(2017) Occurrence of chemical contaminants in peri-urban agricul-
tural irrigation waters and assessment of their phytotoxicity and crop 
productivity. Sci Total Environ 599:1140–1148. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2017.​05.​025

	 69.	 Matsumoto M, Hirata-Koizumi M, Ema M (2008) Potential adverse 
effects of phthalic acid esters on human health: a review of recent stud-
ies on reproduction. Regul Toxicol Pharm 50:37–49. https://​doi.​org/​10.​
1016/j.​yrtph.​2007.​09.​004
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